
DYNAMIC RESPONSE OF TREES SUBJECT TO A LANDSLIDE-
INDUCED AIR BLAST: IMPLICATIONS FOR AIR BLAST RISK 

ASSESSMENTS 

Yu Zhuang1,2*, Perry Bartelt1,3, Aiguo Xing2, Alexander Bast1,3 

1 WSL Institute for Snow and Avalanche Research SLF 
Flüelastrasse 11, 7260 Davos Dorf, Switzerland 

e-mail: Yu.Zhuang@slf.ch, bartelt@slf.ch, alexander.bast@slf.ch 

2 State Key Laboratory of Ocean Engineering, Shanghai Jiao Tong University 
Shanghai, 200240, PR China 

Yu.Zhuang@slf.ch, xingaiguo@sjtu.edu.cn 

2 Climate Change, Extremes and Natural Hazards in Alpine Regions Research Center CERC 
Flüelastrasse 11, 7260 Davos Dorf, Switzerland 

bartelt@slf.ch, alexander.bast@slf.ch 

Abstract 

Large landslides are known to generate powerful air blasts capable of causing damage far 
beyond the landslide runout. In many cases, observations of tree destruction are the only evi-
dence to quantify the air blast danger. In this study, we proposed an approach to assess the 
air blast power using the tree breakage information, including the eigenfrequency prediction, 
tree motion calculation and breakage conditions. The tree is modelled as a flexible beam with 
elastic support at the tree base. Large tree deflection is accounted for when calculating the 
air blast loading and two failure modes (bending and overturning) are defined. Modelling 
results illustrated that tree eigenfrequency is always close to the air blast frequency, leading 
to a dynamic magnification for tree deformation. This magnification effect is greatly influen-
tial in a weak air blast case, but the large tree inclination resulting from strong air blast load-
ing would weaken the effect. Additionally, both failure modes are likely to occur and the exact 
failure mode of trees depends heavily on their bending and anchorage resistance. Therefore, 
further measurements need to be conducted on the biometric and mechanical characteristics 
of trees, which will improve the accuracy of air blast hazard assessment.  

Keywords: Landslide-induced air blast, Tree eigenfrequency, Dynamic response, Tree break-
age. 
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1 INTRODUCTION 
Long runout landslides are characterized by their high mobility, long moving distance and 

possible chain disasters [1]. A moving landslide with a large volume can generate powerful air 
blasts that are capable of breaking trees and even flattening buildings [2,3]. In recent years, de-
structive air blasts that caused mass casualties and damages are frequently recorded world-
wide [4-6]. Understanding their destructive force is of great importance for landslide disaster 
prevention in mountainous regions.  

Monitoring equipment has been proved to be a great approach to determine the air blast 
dynamics [7,8]. However, most cases occurred in the mountainous regions without a warning, 
and no monitoring equipment was settled in advance [9]. Therefore, very few air blast cases 
were measured in history. The occurrence of air blasts can be identified through the suspend-
ed powder cloud and geological evidence. In many cases, observations of tree breakage are 
the only data to quantify the air blast power [10]. Geologists can assess the air blast hazard us-
ing forest destruction and tree breakage information [11,12]. Snapped stems and uproot-
ed/overturned trees outlined the impact area of air blasts and their falling direction could 
indicate the primary movement of the landslide. Any information on forest damage is valua-
ble to help evaluate the air blast hazard.  

The problem with using information of tree breakage for air blast risk assessment is that a 
simple relationship between air blast pressure and tree failure is hard to establish. Bending 
and overturning are two common tree failure modes caused by strong winds. Bending failure 
occurs when the bending stress exerted by the air blast exceeds the wood strength [13, 14], while 
the uprooting will occur when the applied torque overcomes the anchorage resistance [15-16]. 
Occurrence of the specific failure mode depends heavily on both the tree strength and air blast 
loading. Accounting for the minor destructive force of air blasts relative to the landslide, 
though long recognized that flowing sliding mass can easily break trees, tree destruction re-
sults from air blast loading has received less attention [17]. Existing models quantifying the air 
blast-induced tree breakage are mostly static [11] or proposed based on the small-deflection 
theory [10]. These approaches help the rapid evaluation of air blast power, but further research 
is needed to focus on the dynamic response of trees subjected to a strong wind loading.  

Here we developed a simple mechanical model to calculate the natural frequency of trees 
and their dynamic response subject to an air blast loading. The tree is assumed as a multi-
degree-of-freedom beam with variable diameters and the impacts of large deflection and root 
anchorage are accounted for. Furthermore, both bending and overturning failure modes are 
involved in the proposed model. Our work is expected to provide insights into the destructive 
force of landslide-induced air blasts and offers an applicable method for air blast hazard as-
sessment. 

2 MODEL DESCRIPTION 
Landslide-induced air blasts are known of short duration, large impact area and can reach 

an extremely high velocity [7, 18]. The impact of this impulse wave on trees is similar to strong 
wind gusts, producing large bending stress/moments in the stem and root system, forcing trees 
to get deformation. To describe the dynamic response and failure of trees subject to the air 
blast loading, we proposed a dynamic tree-swaying model that accounts for the large tree de-
flection, including the eigenfrequency prediction method, tree motion equations and the 
breakage conditions.  
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2.1 Eigenfrequency prediction 
The tree is modelled as a flexible cantilever beam that is hinged at the ground surface using 

elastic support (Fig. 1). Considering the decreasing diameter of stems and crown from bottom 
to top, the beam diameter is assumed to linearly decrease with height. Additionally, the tilt of 
tree base in response to the moment is described by the anchorage stiffness (K) of the root 
system [19]. In the eigenfrequency prediction model, the tree beam is split into two segments 
with a splitting point at the crown base. We assume that the tree crown shows minor impacts 
on elastic modulus and is accounted for through the crown mass. 

Fig. 1 Diagrammatic sketch of the eigenfrequency prediction model. 

The governing equation for the dynamic bending of a nonuniform Euler-Bernoulli beam 
can be written as [20]: 

4 3 2 2
2

4 3 2 2

168 12 0u u u uz z
z z z E





  
+ + − =

  
     (1) 

where u is the tree displacement,  is the material density,  is the eigenfrequency, E is the 
elastic modulus, z is the position variable along the beam length. The original point (z=0) is 
set at the treetop to simplify the calculation, so that the beam diameter d(z) at position z can be 
easily described by a gradient coefficient ( ): d(z)= z. The general solution of Eq. 2 can be 
expressed as: 

1 2 2 2 3 2 4 2
1( ) (2 ) (2 ) (2 ) (2 )u z A J z A Y z A J i z A Y i z
z

    = + + +
 

               (2) 

where 
2

2

16
E





= , J2 and Y2 represent the Bessel functions of the first and send kind, re-

spectively. A1-A4 are coefficients that need to be calculated according to the boundary and 
continuity conditions.  

According to Eq. (2), the deformation of the upper crown segment and the lower trunk 
segment can be similarly expressed as: 

( ) ( ) ( ) ( )1 1 2 1 2 2 1 3 2 1 4 2 1
1( ) 2 2 2 2u z A J z A Y z A J i z A Y i z
z

    = + + +
 

  0≤z＜l    (3) 
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( ) ( ) ( ) ( )2 1 2 2 2 2 2 3 2 2 4 2 2
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where l represents the crown length, h is the tree height, 
2

1
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the single-valued function of eigenfrequency, 2  is the wood density, 1  is the equivalent 
density attributes by both tree crown and trunk, B1-B4 are coefficients of the tree deflection 
equation, which are the same to A1-A4 in Eq. (2). 

Regarding the boundary condition at the treetop (z=0) is the free end, Eq. (4) can be simpli-
fied as: 

( ) ( )1 1 2 1 3 2 1
1( ) 2 2 0u z A J z A J i z
z

z l  = +
 

      ＜                        (5) 

According to the boundary conditions at the tree base (z=h) and the continuity conditions at 
the splitting points of two segments, following constraints are determined: 

1 2( ) ( )u l u l= , 1 2( ) ( )u l u l = , 1 2( ) ( )u l u l = , 1 2( ) ( )u l u l = , 2 ( ) 0u h = , and 2 2( ) ( ) ( ) 0Ku h EI h u h + = . 
Introducing the constraints into Eqs. (4-5), these six equations can be written in a matrix for-
mat: 

( )  1 2 1 3 1 2 3 46 6
0TF A A B B B B 


   = ,                          (6) 

where ( )1 2 6 6
F  


  ,  is the matrix that is composed of the eigenfrequency ( ). The orders of 

eigenfrequency and the corresponding vibration mode are calculated by solving the equation: 
the determinant of matric 1 2( , ) 0F   = . 

2.2 Dynamic response of trees 
Dynamic response of trees subject to an air blast loading is calculated using a modified 

multi-degree-of-freedom tree swaying model [21]. To calculate the air blast loading, the size of 
tree crown here refers to its real frontal area distribution, which is different from the simplifi-
cation in the eigenfrequency prediction mode. The tree beam is divided into a set of segments 
and the tree deflection is calculated using linear modal analysis. According to numerical 
works performed by Sellier et al. (2008)[22] and Pivato et al. (2014) [23], for trees with a slen-
der shape, the contribution of the first vibration mode is far ahead of the others. The present 
work only used the first vibration mode and the corresponding eigenfrequency to calculate the 
tree response. Furthermore, the modelling of the air blast loading accounts for the large tree 
deflection and wind-tree relative motion through regarding the beam velocity and geometric 
nonlinearities led by the inclination of beam segments ( ) (Fig. 2). With respect to the large 
tree deflection, the impact of eccentric gravity is also involved in the model. Considering that 
damaged trees often fall in the direction of landslide motion and have little time to sway, the 
maximum response is suggested to be reached before the damping forces act [10]. The impact 
of damping is therefore neglected. Equations for tree motion and the air blast loading are ex-
pressed as: 

2

2 0 0
d d

h h

i i
ym ky F s G s

t
 


+ = +

                            (7) 

d f0.5 cos cos cos cos cosi i i i i i
y yF C A v v
t t

     
  

= − − 
  

                      (8) 

sin cosi i i iG m g  =              (9) 
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where  , w, 2

0
d

h
m m s=  , 2 24k m =  represent the first mode shape, the first eigenfrequen-

cy, modal mass and stiffness, respectively. m  is the mass distribution, Fi and Gi represent the 
air blast loading and eccentric gravity acting on the ith beam segment, h is the tree height, Cd 
is the drag efficient, Af is the frontal area,  and v are the density and velocity of the air blast, 
respectively. 

y (m)

z (m)

y (m)

Fi

mig
Air blast 
loading

 
Fig. 2 Modeling the tree as a multi-degree-of-freedom flexible beam to calculate the dynamic response of trees 
subjected to an air blast.  

In this study, the velocity of landslide-induced air blasts is characterized as a sine wave im-
pulse with a short duration t0: 

max sinv v t= (10) 
where maxv  represents the maximum air blast velocity and   is treated as the circular fre-
quency of the air blast loading 0/ t =  (wind force is linked to the square of its velocity). 
The dynamic response and deformation of trees subject to an air blast loading are determined 
by introducing the wind velocity (according to Eq. 10) into Eqs. 7-9, and then solving the tree 
motion equations using the central finite-difference scheme [21]. 

2.3 Tree breakage conditions 
The present work involves two common failure modes caused by powerful air blasts: bending 
and overturning [14]. 

For the bending failure, tree breakage will occur when the maximum bending stress ( max ) 
reaches the bending strength ( crit ): 

max crit
max

( , ) ( ) / 2
( )

M t z d z
I z

 
 

=  
 

                                  (11) 

where ( , )M t z is the bending moment, which is calculated at different positions during the air 
blast loading: 

d( , ) ( )
ds

M t z EI z 
=                                                   (12) 

where   represents the inclination between the beam segment with the vertical direction and 
d
ds
  is the local beam curvature. 

For the cases of overturning, tree breakage will occur at the basement when the moment 
( base ( )M t ) exceeds the anchorage resistance ( critM ): 
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base crit( )M t M   (13) 

3 APPLICATION 
We consider the problem proposed by Bartelt et al. (2018)[10] to illustrate the air blast pow-

er: a landslide-induced air blast enters a forest of tall spruce (25-30 m). The short-duration air 
blast has a maximum velocity of 20 m/s and lasts a few seconds with a frequency  . The 
sliding mass stopped before entering the forests and only the air blast acted on trees. 
Table 1 Model parameters used in the numerical simulations of the tree response. Parameters are derived from 
data contained in Kantola and Mäkelä (2004) and Bartelt et al. (2018). 

Height 
h(m) 

Crown 
height 
l(m) 

Crown 
width 
w(m) 

Diameter at 
trunk base 

D(m) 

Wood density 
2 (kg/m3) 

Branch 
mass 
m(kg) 

Drag coef-
ficient Cd 

Elastic 
modulus 
E(GPa) 

27 18 5 0.4 480 540 0.4 10 

Using the tree-related parameters shown in Table 1, we set the crown mass of a single tree 

to be 540 kg. The crown is assumed to have a cone shape with a length of 18 m (
2
3

h ) and a 

width of 5 m. Neild and Wood (1999) [19] performed many in-situ measurements on spruce 
anchorage stiffness (K), showing a large value variation of 80-1200 kN·m. In this study, K 
values of 100-1200 kN·m are applied in the eigenfrequency calculation.  
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Fig. 3 Impact of anchorage stiffness on the tree eigenfrequency. 

The eigenfrequency ranging from 0.13 Hz (K=100 kN·m) to 0.32 Hz (K=1200 kN·m) is 
calculated using the above parameters (Fig. 3), which is basically consistent with measure-
ments performed by Jonsson et al. (2007)[24]. The good agreement between the calculated ei-
genfrequency and the measurement validates the proposed eigenfrequency prediction method. 
Notably, though the tree eigenfrequency varies significantly with the anchorage stiffness, the 
calculated values are always in the same order of magnitude with the air blast frequency, ne-
cessitating further research on the potential effect of resonance.  

To investigate the potential dynamic magnification effect on tree deformation, we designed 
cases using the tree eigenfrequency of 0.26 Hz (K=600 kN·m) and the associated vibration 
mode. We character this effect using the ratio of the maximum dynamic deformation ( d,maxu ) 
to the static deformation ( stau ): 
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d,max d,max d,max

2
sta s,max d f max0 0

( ) ( ) ( )

d / d /
h h

u u u
D

u F s k C A v s k

  

  
= = =

 
       (14) 

where s,maxF  represents the maximum static wind force and 





=  is the ratio between the air 

blast frequency ( ) and the tree eigenfrequency ( ). Regarding that dust mixed in the air 
blast would increase the fluid density, 35kg / m =  is utilized here [11]. In this case, the static 
tree deformation stau  is calculated to be 9.8 m. 

Fig. 4 shows the impact of dynamic magnification on tree deformation. Consider first an air 
blast duration of 1.6 s ( 1.2 = ), the maximum dynamic displacement d,maxu  reaches 10.7 m, 
corresponding to the magnification factor D of 1.09. The air blast frequency is higher than 
that of trees, thus the maximum deformation reaches after the loading time. For a longer air 
blast lasting 3.2 s ( 0.6 = ), the magnification factor D is calculated to be 1.34, a high value. 
The maximum tree displacement happens during the air blast loading. In this scenario, an air 
blast with a velocity of 20 m/s can cause similar tree breakage as a long-duration wind travels 
at 25 m/s. Although the large tree deflection (tree inclination) decreases the wind load acting 
on trees, the impulse air blast will increase the risk of tree breakage because of the dynamic 
magnification effect. 
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 D

Fig. 4 Magnification factor change with various frequency ratios. 

Using the proposed model, further simulations were conducted on the air blast-induced tree 
breakage. The air blast is assumed to have a maximum velocity of 20 m/s and lasts 3.2 s. In 
this case, the maximum bending stress is calculated to be 35 Mpa, located at 9 m height 
(crown base), while the maximum moment is identified at the tree base with a value of 192 
kN·m . In natural forests, it is known that the bending strength and anchorage resistance of 
trees depend heavily on tree species, soil characteristics and climates, etc. In-situ measure-
ments performed by Peltola et al. (1999) [13] indicated that the bending stress to destroy ma-
ture trees should exceed a minimum value of 30 Mpa, and anchorage resistance of mature 
spruces could reach up to 100-400 kN·m. Therefore, bending and overturning failure will both 
likely happen for the case performed in this study. 
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4 DISCUSSION 
Evaluation of air blast hazards is an important issue of landslide risk assessment in moun-

tainous regions. Compared with existing models, one improvement of our model is to involve 
the impact of anchorage and treat trees as beams with a variable cross-section. This improve-
ment allows trees to sway as their natural vibration and make the bending failure more realis-
tic. The failure position can be simulated using the proposed model. In previous models that 
describe the air blast-tree interaction, trees are modelled as beams with a constant diameter [11], 
and thus the maximum bending stress always reaches at the tree base. This failure feature is 
greatly different from the field observations.  

Another improvement of the proposed model is to involve the large tree deflection. A com-
parative analysis is designed to investigate its impact on tree response. We simplified the tree 
motion equation of Eq. 7 without accounting for the large tree deflection. The simplified 
model is similar to that proposed by Bartelt et al. (2018) [10]: 

2
2

d f max s,max2 0 0
0.5 d sin d sin

h hym ky C A v s t F s t
t

    


+ =  = 
                (15)

The displacement at the tree top can be written as: 

s,max0
02

0
0 0 0 0

d 1( ) (sin sin )    0
1

'( )( ) sin ( ) ( )cos ( )         

h
F s

u t t t t t
k

u tu t t t u t t t t t


  



 



 = −   −


= − + − 



 (16) 

The magnification factor D for both scenarios can be expressed as: 

2

2

1 2 2[sin( ) sin ]     1
1 1 1

2 cos                                1
1 2

D

D

 
 

  

 


 


= −  − + +


 = 
 −

    (17) 
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Fig. 5 Impact of large tree deflection on the maximum magnification factor Dmax. The red star represents the Dmax 
calculated from Eq. 17. The red bar represents the Dmax corresponding to the scenario with a very low air blast 
velocity (maximum velocity of 0.1m/s) and the eccentric gravity is not considered. 

The impact of large tree deflection on the magnification effect is shown in Fig. 5. In the 
case of a very low wind velocity (maximum velocity of 0.1m/s) and in the absence of eccen-
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tric gravity, the Dmax value is calculated to be 1.77, which is in agreement with the analytical 
solution from Eq. 17. This scenario ignores the impact of large tree deflection. The tree dis-
placement is small when subjected to such a weak air blast loading, and the comparison result 
validates the proposed model. Further calculations accounting for the impact of large tree de-
flection show different results. In the cases of a low wind velocity, the eccentric gravity is 
significantly influential, leading to a rather high magnification factor ( 2). Nevertheless, Dmax
greatly decreases in the cases of a larger wind velocity. The dynamic response and eccentric 
gravity amplify the tree deflection, but the tree inclination reduces the frontal area and the as-
sociated air blast loading. This special mechanism is rarely considered in previous air blast 
risk assessments. The modelled tree deflection subjected to a strong air blast might be overes-
timated without accounting for the large tree deflection. 

The mechanical response and failure of trees subject to a powerful air blast are complex, 
depending on the biometric characteristics of trees. Some biomass changes can be represented 
through modifying parameters in the proposed model. For example, for leafless trees, air 
blasts only act on the branch, leading to a smaller wind load [25]. A small drag efficient Cd will 
provide better performance. Due to the shielding effect of forests, single trees are always sub-
ject to a larger wind loading than trees in dense forest stand [11]. A reduction of the frontal area 

fA  is needed in such a condition. Additionally, the anchorage characteristic is also influential 
as it greatly contributes to the tree eigenfrequency and the likely failure mode. For now, 
though many efforts have been paid to mechanical properties of trunks, little information is 
available about the anchorage stiffness and resistance of trees. A reliable test value of anchor-
age resistance and bending strength is of utility to help the tree failure prediction and clarify 
which failure mode will occur. In the future, regional databases for the mechanical and bio-
metric properties of trees are suggested to be established. This would provide reliable infor-
mation for geologists during the risk assessment of landslide-induced air blasts. 

5 CONCLUSIONS 
Landslide-induced air blasts are short-duration impulses and can cause damage far beyond the 
sliding mass. Tree breakage in situ provides the opportunity to quantify the air blast power. In 
this study, we proposed a framework to assess the air blast danger using the tree breakage in-
formation, including the eigenfrequency prediction method, tree motion equations and break-
age conditions. Trees are modelled as a flexible variable cross-section beam hinged at ground 
using elastic support. The impacts of anchorage and large tree deflection are involved in the 
model. We draw several conclusions from the analysis.  

Though the anchorage property is greatly influential to the tree eigenfrequency, the tree ei-
genfrequency is always in the same order of magnitude as the air blast frequency. The associ-
ated dynamic response amplifies the tree deflection and leads to a higher risk of tree breakage. 
Short-duration air blasts travelling at 20 m/s can cause similar damage as a long-duration 
wind moves at 25 m/s. Notably, this magnification effect results from dynamic loading and 
eccentric gravity is significant in a weak wind case, while large tree deflection (tree inclina-
tion) caused by powerful air blasts would weaken the effect. Additionally, bending and over-
turning are two likely failure modes for trees, but what kind of failure will occur for a specific 
forest depends heavily on tree properties. In the future, more measurements are needed to be 
conducted on the mechanical and biometric properties of trees, which will help the prediction 
of air blast danger. 
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